Abstract When elemental sulfur was used to hyperdope crystalline silicon to a supersaturated density of *10 20 cm -3
Introduction
When single-crystal silicon is hyperdoped using chalcogen elements (S, Se, or Te) to a supersaturated density of *10 20 cm -3 (*1 % in at.%), its sub-bandgap light absorption can be greatly enhanced [1, 2] . As a result, this new type of silicon material can potentially be used in fields such as high-efficiency silicon solar cells [3] [4] [5] [6] and low-cost infrared photodiodes [7] [8] [9] . Current silicon solar cells cannot absorb solar light at wavelengths longer than 1100 nm, and thus lose approximately one-third of the total available solar radiation.
At present, chalcogen hyperdoping of crystalline silicon can be performed by two different methods. The first method involves structuring of the silicon surface using ultrafast (femto-, pico-, or nanosecond-scale) laser pulses in a chalcogen-bearing environment [10] [11] [12] [13] . This method can produce dense and sharp silicon spikes on the silicon surface. The surfaces of these spikes are covered by a thin hyperdoped layer, and the sample has near-100 % light absorptance over a very wide wavelength range from the ultraviolet (250 nm) to the infrared (2500 nm). However, despite such excellent light absorptance properties, this type of hyperdoped silicon is not suitable for device fabrication. The sharp spikes make it technically difficult to fabricate a good electrode contact, and the large numbers of surface defects formed during laser structuring can rapidly quench the photocarriers. Recently, another method for the production of hyperdoped silicon was reported [2] . This method includes two steps: chalcogen ion implantation and nanosecond laser melting. The hyperdoped silicon formed by this method has a smooth surface and a perfect crystalline structure [2, 4] , but the smooth surface leads to reduced light trapping, and this material thus has lower light absorptance (*30 %) [2] than that prepared by the previous method. However, anisotropic etching-based texturing of crystalline silicon surfaces using alkaline solutions is a well-known process and has been applied successfully to trap incoming light and enhance the efficiency of silicon solar cells from 21 to 25 % [14, 15] .
In this study, we report on the preparation of sulfurhyperdoped silicon by following a new process that includes surface chemical texturing, sulfur ion implantation, and nanosecond laser melting. The formed sulfur-hyperdoped silicon sample has a dome-covered surface and high sub-bandgap absorptance of 70 %. Because this new type of silicon material may have technical significance for future applications, we intend to continue to investigate the effects of thermal annealing on its optical and electrical properties.
Experimental details
B-doped, p-type, 390-lm-thick Si wafers (1-10 X cm, double-side polished, Czochralski-grown, (100) orientation) were surface textured using a deionized water solution containing sodium hydroxide and isopropanol [16] . The textured Si wafers were then ion implanted at 200 keV with 32 S ? at 7°off-normal to prevent occurrence of the channeling effect, at a dose of 1 9 10 16 cm -2 . Finally, the ion-implanted samples were laser melted using a spatially homogenized pulsed KrF excimer laser beam (248 nm, 20 ns, rectangle size of 3 9 1 mm 2 ). Each point on the surface was irradiated by an average of four pulses. Another Si wafer, which was processed in the same way apart from the surface texturing, served as a control sample. The hyperdoped silicon wafer was then cleaved into multiple 1 9 1 cm 2 squares for thermal annealing, which was performed in a horizontal tube furnace that was flushed continuously with high-purity N 2 gas.
The sample morphology was observed using a JSM-6301F scanning electron microscope (SEM) system. The total hemispherical (specular and diffuse) reflectance (R) and transmittance (T) values of the samples were measured using an AvaSpec-2048 ultraviolet-visible-near infrared (UV-VIS-NIR) spectrometer over the wavelength range from 400 to 2500 nm. The spectrometer was equipped with an integrating sphere detector. The total absorptance (A = 1 -T -R) of the samples was determined from the directly measured T and R values. The instruments were calibrated using sets of Labsphere diffuse reflectance standards. The Hall coefficient, the carrier density, the carrier mobility, and the conductivity of the hyperdoped silicon sample were all measured at room temperature by Hall measurement using the van der Pauw method.
Results and discussion
Preparation of sulfur-hyperdoped silicon samples After the silicon (001) wafer was chemically textured, the wafer surface was covered with dense pyramids, as shown in Fig. 1a . The formation of these pyramids can be attributed to the etching rate anisotropy between the Si h001i and h111i directions [16] . The textured silicon wafer was subsequently implanted with the sulfur ions. The depth profile of the sulfur ions inside the textured silicon wafer was simulated using SRIM software [17] , as shown in Fig. 1c , from the viewpoint of the angle (*54.7°) between the incident ion beam and the normal of the pyramids' side faces (i.e., the Si h111i crystallographic direction). We see from The surface morphology of the sample after laser melting is shown in Fig. lb . We found that the small pyramids changed into small rounded domes, while the larger pyramids became large domes, but still had four symmetrical ridges. The reason for this change in morphology is that the laser pulses melt the surfaces of the pyramid into a liquid, which then can round off the angular pyramids via surface tension. From the visible change in the pyramid surface, we can safely conclude that the entire ion-implanted layer (*350 nm deep) was completely melted. Previous transmission electron microscope (TEM) observations had confirmed that the implantation-induced lattice damage can be restored and recrystallized completely after nanosecond laser melting [4] , and this is also consistent with the observed flat and featureless infrared absorptance behavior (see the curve ''Tex-HD Si'' in Fig. 2a ) [2] . If numerous defects remained, then the infrared absorptance would decrease monotonously as the wavelength increases because of the presence of band tails of the Urbach states [18] . At the same time, we chose an identical Si (001) wafer as a control sample. This wafer was treated by following the same process but without the surface texturing step. The original surface morphology of the wafer is shown in Fig. 1d . After ion implantation, the smooth surface of the wafer did not change. Figure 1f shows that the sulfur ions can reach *430 nm beneath the flat surface. To enable us to melt this ion-implanted layer, we increased the laser fluence from 1.0 to 1.8 J/cm 2 , based on previous processes described in the literature [19] . After laser melting, the sample surface remained smooth (see Fig. 1e ). Figure 2 shows the optical properties of the non-textured (see the curve ''NonTex-HD Si'') and textured (see the curve ''Tex-HD Si'') hyperdoped silicon samples, along with the properties of the pristine Si (001) wafer (see the curve ''Untreated Si''). We found that the optical properties of the non-textured hyperdoped silicon sample in the infrared wavelength range are similar to previously reported properties [20] . By comparing the ''NonTex-HD Si'' curve with the ''Tex-HD Si'' curve, we find that the absorptance of the former is 15 % less than that of the latter in the abovebandgap wavelength range (400-1000 nm), and 40 % less in the sub-bandgap wavelength range (1200-2500 nm). In the above-bandgap wavelength range, the transmittances of both wafers are 0, but the textured silicon has 15 % lower reflectance than the non-textured silicon, and thus the former has 15 % higher absorptance. In the sub-bandgap wavelength range, the textured hyperdoped silicon sample has 10 % lower reflectance and 30 % lower transmittance than the non-textured sample, and thus the former has 40 % higher absorptance, as shown in Fig. 2a . We know that on both the non-textured and textured hyperdoped silicon wafers, the ion-implanted layer has been completely melted by the pulsed nanosecond laser. However, on the textured surface, the melted hyperdoped silicon will flow down from the side faces of the pyramids, and can round off the angular pyramids via surface tension, as shown in Fig. 1a, b . This behavior will induce mass transport of the S dopants and thus fluctuations of the S density in the textured sample surface, unlike that in the non-textured sample surface. However, this fluctuation should not affect the absorptance significantly because the absorptance is related to the concentration of sulfur optically absorbing defects [20] [21] [22] , which does not change statistically. There is one obvious difference between the non-textured and textured silicon samples in that the former has a smooth surface while the latter has a dome-covered surface. The rough silicon surface can not only reduce the reflection of incident light, but can also lengthen the effective light path inside the hyperdoped Fig. 1 The left column includes SEM images of the Si(001) wafer surface, a after chemical texturing and b after laser melting, along with, c the depth profile of the sulfur ions; the right column contains SEM images of the control wafer surface, d in its original form and e after laser melting, along with f the depth profile of the sulfur ions silicon via multiple interface reflection, and thus finally reduces the transmittance. In summary, surface texturing can increase the infrared absorptance of a hyperdoped silicon sample from 30 to 70 % and should be an essential step in the fabrication of solar cells and infrared photodetectors based on sulfur-hyperdoped silicon.
Another notable point is that in comparison with the pristine Si wafer (see the ''Untreated Si'' curve in Fig. 2a) , sulfur hyperdoping (see the ''NonTex-HD Si'' curve) can increase the silicon sub-bandgap absorptance from 0 to 30 %. It has been accepted that the impurity levels, which are filled in the band gap, produce this broad and featureless absorptance [2, 23] , although the local Si:S configuration that introduces the impurity levels into the band gap remains unclear.
Optical properties of the annealed hyperdoped silicon samples
We selected the textured hyperdoped silicon samples and thermally annealed them at various temperatures for 30 min. The optical properties of the annealed and unannealed samples are shown in Fig. 3. From Fig. 3a , we see that in the above-bandgap wavelength range of silicon, the different annealed samples have similar reflectance properties. Because the light in this wavelength range has an energy that is larger than that of the silicon bandgap (1.1 eV), the reflectance mainly comes from the sample surface [24] . The surface reflectance is related to the refractive index and the extinction coefficient of the material, along with the angle of incidence. For the different annealed samples, the angles of incidence should be the same because the surface morphology after annealing does not change and the conditions for optical measurement are also identical. As a result, we can conclude that the various annealed samples and the unannealed samples have similar refractive indexes and extinction coefficients in the abovebandgap wavelength range. Similarly, Fig. 2b shows that the sulfur-hyperdoped silicon has the same optical constants as pristine silicon in the same wavelength range. Finally, the optical constants of annealed hyperdoped silicon are close to those of pristine silicon in the abovebandgap wavelength range.
In the silicon sub-bandgap wavelength range, however, the sample's reflectance increases with annealing temperature, as shown in Fig. 3a . In this energy zone, the light reflectance originates not only from surface reflectance, but also from internal interface reflectance, which may be modulated by the absorption process inside the sample [24] . Umezu et al. [22] found that the reflectivity of hyperdoped silicon that had been thermally annealed at 550°C for 30 min differs from that of pristine silicon by only a few percent for photon energies between 0.3 and 1.2 eV (approximately 1-4 lm). As mentioned earlier, we know that the optical constants of the various annealed hyperdoped silicon samples are close to those of pristine silicon in the 400-1000 nm wavelength range. Therefore, in the silicon sub-bandgap wavelength range, we expect that the various annealed hyperdoped silicon samples will all have similar reflectivity values that will approximately match that of pristine silicon. These annealed samples will thus have similar surface reflectances, and their variable reflectances can be attributed to changes in internal reflectance. Because the various annealed samples were all originally cut from the same wafer and should thus have the same internal structure, the internal reflection light paths should be similar for each sample. Previous researchers have suggested that thermal annealing can transform the metastable sulfur defects inside Fig. 2 a Absorptance, b reflectance, and c transmittance spectra of the non-textured and textured hyperdoped silicon samples, along with those of the pristine silicon wafer the hyperdoped silicon from optically absorbing states to non-absorbing states [25] [26] [27] . Annealing at different temperatures will lead to different damped densities of optically absorbing defects that will absorb the internal infrared light in different ways. We therefore believe that it is the modulated absorption of the internally reflected infrared light by the different densities of optically absorbing defects that induces the variable reflectance for the various annealed samples. Figure 3b shows that in the above-bandgap wavelength range, the transmittances of the different annealed samples are all zero, which can be ascribed to the strong band-toband absorption of the silicon substrate. In the sub-bandgap wavelength range, the sample transmittance increases with annealing temperature. We know that thermal annealing can deactivate the metastable sulfur defects, changing them from optically absorbing states to non-absorbing states. With increasing annealing temperature, fewer and fewer absorbing states will remain, and thus the increasing amounts of infrared light can traverse the sample. Figure 3c shows the change in absorptance relative to the annealing temperature. In the silicon above-bandgap wavelength range, the absorptance does not vary because the different samples all have similar surface reflectance values and 0 % transmittance. In the sub-bandgap wavelength range, the absorptance decreases with increasing annealing temperature because of the reduced density of optically absorbing states that produces increased reflectance and transmittance simultaneously.
To investigate the effect of thermal annealing quantitatively, we extract the reflectance, transmittance, and absorptance values of these samples at a wavelength of 2300 nm and plot these characteristics as a function of annealing temperature, as shown in Fig. 4 . The absorptance spectrum that was previously reported by Kim et al. [2] is also shown for comparison. We find that the trend for variation of the reflectance to be dependent on the annealing temperature is similar to that of the transmittance, which supports our previous analysis that both quantities are modulated by the optically absorbing states. In comparison with the absorptance spectrum reported by Kim et al. [2] , the absorptance of our textured samples was attenuated more slowly than that of their non-textured Fig. 4 Plot of reflectance, transmittance and absorptance of the annealed and unannealed hyperdoped silicon samples at 2300 nm as a function of annealing temperature. The absorptance spectrum reported by Kim et al. [2] is also reproduced here for comparison counterparts in the temperature range from 300 to 600°C, which is likely to be due to the lengthened light path in our case, which gives the infrared light a higher chance of being absorbed.
Electrical properties of the annealed hyperdoped silicon samples
The electrical properties of the textured hyperdoped silicon samples are also important for future applications. We therefore carried out room-temperature Hall measurements on the annealed samples. Because the carrier (electron) density is higher than 10 18 cm -3 [4] , the hyperdoped sample is actually an n ? /p junction with a depth of *350 nm beneath the curved surfaces of the dome structures (see Fig. 1b ), which will thus naturally isolate the electron transport from the underlying p-type silicon substrate. As a result, the carrier properties obtained are those that are limited to within the surface-hyperdoped layer. In contrast, when Hall measurements are taken of a textured hyperdoped sample, the curved surface means that the direction of electron movement is not vertical with respect to that of the imposed magnetic field. The Hall coefficient R is then given by
where h is the angle between the direction of motion of the electron and that of the magnetic field, n is the electron density, and q is the electron charge. Because sinh is always less than 1, the absolute value of R is less than 1/nq. Also, because h changes frequently during electron motion, it is difficult to estimate the value of sinh. If we use the conventional method to obtain the carrier density n, i.e., we let n equate to 1/qR, we will obtain a larger value of n than the true n, and thus a smaller carrier mobility l than the true l. This means that we will obtain a larger n and a smaller l for the textured samples when compared with the non-textured samples. Indeed, the carrier density obtained for our unannealed textured sample is 5.25 9 10 19 cm -3 , while that of our unannealed non-textured sample is 1.27 9 10 19 cm -3 . Because sinh is statistically identical for the different annealed samples, the correction of the obtained carrier density n and mobility l to their true values will also be the same. We can therefore use the obtained carrier density and mobility values rather than the true values to observe their variation trends with annealing temperature.
b Fig. 5 Plots of a Hall coefficients, b carrier densities, c carrier mobilities, and d conductivities of the hyperdoped silicon samples as a function of annealing temperature Then, we begin to investigate the effects of thermal annealing on the electrical properties of the textured hyperdoped silicon samples. Figure 5a shows that the Hall coefficients of all the samples are negative, which indicates that the dominant carrier in the hyperdoped silicon layer is the electron (n-type conductivity). Because the original silicon substrate was doped with B atoms (p-type conductivity) with a density of 10 15 -10 16 cm -3 , we believe that the hyperdoped sulfur impurities can release more electrons than the original holes. Figure 5b shows that as the annealing temperature increases, the carrier density decreases from 5.25 9 10 19 cm -3 for the unannealed sample to 8.9 9 10 18 cm -3
for the sample that was annealed at 700°C. Figure 5c shows that the carrier mobility increases rapidly in the temperature range from 300 to 600°C, and then decreases slightly at higher temperatures. As stated earlier, we know that at the same time, the annealing process can also convert the optically absorbing states into non-absorbing states. We then deduce that the optically absorbing state can release more electrons into the conduction band (CB) at room temperature than the optically non-absorbing state.
When we compare Fig. 5b with 5c, we find that the increase in carrier mobility is generally synchronous with the reduction in carrier density. Because optically absorbing states can release more electrons and should thus be more positively charged, they will also have stronger electron scattering properties than optically non-absorbing states [28] . The small asynchrony that occurs at the annealing temperature of 700°C is probably due to additional scattering of neutral impurities. For example, if a neutral sulfur impurity is located in the electron transport path, it will cause additional scattering and thus further reduce the carrier mobility. Figure 5d shows that the conductivity of the hyperdoped sample varies with the annealing temperature. The conductivity is a product of the carrier density and the carrier mobility. The unannealed sample has good conductivity, which is mainly because of its very high carrier density, although it is accompanied by low carrier mobility. With increasing annealing temperature, the carrier density of the hyperdoped silicon decreases while its carrier mobility increases, and the conductivity drops overall. However, when the sample was annealed at 800°C, its conductivity increased again because the carrier density increased again. We can also see from Fig. 4 that annealing at 800°C also begins to enhance the infrared absorptance once more. The changes in the optical and electrical properties at such a high annealing temperature indicate that the optically non-absorbing state may undergo another configuration transition. The reactivation of the sub-bandgap absorption of sulfur-hyperdoped silicon at a very high annealing temperature was also observed by Newman et al. [29] .
We note that even at a high annealing temperature of 700°C, the material still has low absorptance of 20 % (see Fig. 3c ) and n-type conductivity (see Fig. 5a ). This part of the contribution should come from the sulfur atom substitution sites, which offer the most thermally stable configuration [5, 27] and are both optically and electrically active [4] .
Conclusions
In summary, we have successfully prepared sulfur-hyperdoped silicon by a new three-step process that includes surface chemical texturing, sulfur ion implantation, and nanosecond laser melting. The hyperdoped silicon samples formed have very high sub-bandgap light absorptance of 70 % due to the antireflection characteristics of their surface dome structures. The sub-bandgap absorptance of the samples is more persistent under thermal annealing than that of the non-textured samples. The modulation of the sub-bandgap reflectance and transmittance of the textured samples can be ascribed to the absorption process caused by the metastable sulfur defects. Using the conventional method, we obtained a higher carrier density for the textured hyperdoped silicon than for the non-textured samples. Upon thermal annealing, the reduction of the carrier mobility is generally synchronous with a reduction in the carrier density for our textured hyperdoped sample, which indicates that the scattering of the carriers comes mainly from the ionized impurities.
